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SI Materials and Methods 
Mutagenesis of outer membrane proteins. Plasmids encoding mature wild-type OMPs 
were constructed previously (1, 2). Variants lacking the C-terminal phenylalanine for the 
truncated OmpA171 (OmpA171ΔPhe) and OmpLA (OmpLAΔPhe) were PCR amplified from 
full-length genes and subsequently cloned into the popinE expression vector (Oxford 
Protein Production Facility) (3). The resultant plasmids were transformed into BL21 (DE3) 
plysS and BL21 (DE3) codon plus cells respectively for expression. A 50 ml 2XYT culture, 
supplemented with 1 % glucose, was inoculated from a frozen stock and grown overnight 
with shaking at 37°C. After a 1/50 dilution into fresh media, cells were grown for a further 
3 hours before expression was induced with 1 mM IPTG. Cell growth continued for 4 
hours. The cells were then harvested by centrifugation and stored frozen at -20 °C until 
required for use.  
The BamA mutant lacking POTRA domains 1 to 4 (BamAΔP1-4) was generated by 
ligation-independent cloning directly into a popinE plasmid of BamA PCR products, which 
overlapped at the mutation and/or deletion region. Briefly, the N-terminal and C-terminal 
regions of BamA were separately PCR amplified from pET11-encoded BamA, using 
respectively a 3’ primer and a 5’ primer with the desired mutation placed within each 
primer’s first 15 bases. Ligation-independent-cloning of the PCR fragments into the popinE 
vector were then undertaken with the In-fusion kit (Clontech –Takara Bio Europe, St. 
Germain en Laye, France). The In-Fusion™ mechanism relies on the presence of ~15 base 
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homology between extensions on two dsDNA strands for fusion into a single dsDNA 
strand. Full-length BamA mutant could therefore only be generated if the PCR products 
overlapped by 15 bases and therefore incorporated the site of the deletion. Successful 
generation of mutant BamA-popinE plasmid was then confirmed from a change in 
antibiotic resistance (kanamycin to ampicillin), blue-white screening and subsequently by 
sequencing after purification. The BamA mutant was expressed and purified in the same 
manner as BamA wild type. 
 
Growth and extraction of E. coli outer membrane lipids. The E. coli mutant strain WBB06 
for the extraction of the native outer membrane lipids was obtained from the Yale E. coli 
genetic stock center. Lipid purification was performed according to reference (4). Cell 
cultures were grown in Lysogeny Broth-Miller supplemented with kanamycin (50 µg/ml) at 
37 °C to OD600 ≈ 0.8. The cells were harvested by centrifugation (4400 g, 15 min, 4 °C) and 
stored at -20 °C overnight. The pellets were resuspended in 16 mL PBS (phosphate-
buffered saline) and the lipids were extracted by adding 60 mL chloroform:methanol (1:2; 
v/v) and stirring for 1 hour at 25 °C. Insoluble material was removed by centrifugation 
(921 g, 30 min, 25 °C) and the supernatant was mixed with 20 mL of 0.01 N HCl to a final 
concentration of 0.01 N and 20 mL chloroform. The phases were separated by 
centrifugation (921 g, 10 min, 25 °C) and the organic phase was extracted. The aqueous 
phase was mixed with 40 mL chloroform and centrifuged (921 g, 10 min, 25 °C). The 
organic phase was extracted and pooled with the previous extraction. Pyridine  was added 
(1 drop for every 10 ml). The solvent was evaporated using a rotovap (Laborota 4000, 
Heidolph Instruments GmbH&Co.KG). The dried lipids were resuspended in two washes 
of 5 ml chloroform:methanol (4:1; v/v) followed by bath sonication (30 sec, 25 °C). The 
resuspended lipids were aliquotted and dried overnight under vacuum. The lipid films 
were stored under N2 gas at -20 °C. The presence and quantity of the lipids were identified 
by TLC and phosphate assay, respectively. 
 
Preparation of small unilamellar vesicles (SUVs) made from E. coli outer membrane 
lipids. The dried E. coli outer membrane lipids were reconstituted in degassed buffer 
containing 20 mM borate (Sigma) at pH 10. SUVs were prepared by sonication of the 
reconstituted lipids on ice under a gentle stream of N2 gas for 50 min at 22 % amplitude 
using a Branson Digital Sonifier®. The SUVs were centrifuged (10k rpm, 1 min, 25 °C) and 
the supernatant was collected. 
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Preparation of large unilamellar vesicles (LUVs) made from synthetic lipids. Lipids 
(diC10:0) dissolved in chloroform (Avanti Polar Lipids) were mixed in appropriate volumes 
for the ‘native-guest’ head group experiments. The chloroform was evaporated under a 
gentle stream of N2 gas followed by lyophilization overnight. Lipids films were stored 
under N2 gas at –20 °C. The lipids were reconstituted in the appropriate 20 mM degassed 
buffer to a final lipid concentration of 10 mM and LUVs were made by extruding the lipids 
25 times through a 0.1 µm filter using a mini-extruder (Avanti Polar Lipids). 
 
Fitting of OMP folding data.  
Kinetic traces were fitted using the simplest equation to describe the data. Fits were 
evaluated by inspecting the randomness of the residuals and by comparison of the chi 
squared value. Traces were initially fitted using a single exponential equation: 
 ! = !! − !!(!!")  (1) 
 
If a poor fit resulted, data were fitted using a double exponential equation: 
 ! = !! − !!!(!!!!) − !!!(!!!!) (2) 
 
with y being the fraction folded at a given time t, y0 is the fraction folded as time 
approaches infinity, k1 and k2 are the apparent rate constants, and A1 and A2 are the 
amplitudes associated with the respective rate constant, as described in reference (1). The 
Burst Phase is calculated by summing up y0, A1 and A2 and represents the amount of 
folding that occurs in the dead time of the experiment.  
 
OMP folding data that contained a lag phase could not be fitted by a single or double 
exponential equation were fitted using a two-step mechanism: 
 !"#$%&'&  !"#"$   !!   !"#$%&$'()#$  !"#"$   !!   !"#$%$  !"#"$ 
 
where k1 and k2 are the apparent rate constants of the respective folding step. Fraction 
folded can be found by the relation: 
 ! = !! − !!" − !!" (3) 
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where y is the fraction folded at a given time t, yIS and yUS are the fraction of the 
intermediate and unfolded state, respectively, and y0 is the fraction folded as time 
approaches infinity. Fraction folded can subsequently be described by the exponential 
equation. ! =   !! 1+ !!!!!! !!!!!!! − !!!!!!!  (4) 
 
SI Figure Legends 
 
Fig. S1. Native lipids of E. coli outer membranes support poor folding efficiencies in vitro 
for outer membrane proteins. Unfolded OMPs were folded into SUVs prepared from 
purified E. coli WBB06 membrane lipids at a lipid to protein ratio of 300:1. The folding 
reactions were incubated in a buffer containing 1 M Urea and 20 mM Tris, pH 8, at 47 °C 
for 20 hours. The folding was quenched by adding SDS-PAGE loading buffer to a final 
concentration of 1x. The samples were split into two sets; one set was boiled (+) at 95°C 
for 5 min. Both boiled and unboiled samples were loaded onto 12% acrylamide gels for 
electrophoresis. The heat modifiability of the OMPs allowed resolution of the folded (F) 
and unfolded (U) bands according to (5). 
 
Fig. S2. Representative SDS-PAGE gels of OMP folding experiments. (A) top panel: 
Unfolded OmpX was folded into 20 % PE, 80 % PC LUVs by rapid dilution into folding 
buffer to a final concentration of 4 µM OMP, 3.2 mM lipids, 1 M urea, 2 mM EDTA, 20 
mM borate pH 10 while stirring at 35 °C (10 Sample Thermoelectric Temperature 
Incubator, Model T-10, Aviv Biomedical). (A) bottom panel and (B): Unfolded BamA, 
BamAΔP1-4 and OmpA were folded into 20 % PE, 80 % PC LUVs to a final concentration 
of 4 µM OMP, 3.2 mM lipids, 1 M urea, 2 mM EDTA, 20 mM borate pH 10 while stirring 
at 35 °C by rapid dilution. BamA folding was carried out for 2 hours, while BamA P1-4 
and OmpA were folded overnight. Addition of unfolded OmpX to the folding solution 
containing pre-folded OMPs was performed by rapid dilution of the pre-fold solution with 
the denatured OMP to a final concentration of 2 µM unfolded OMP, 2 µM total 
BamA/BamA P1-4/OmpA, 1.6 mM lipids, 1 M urea, 2 mM EDTA, 20 mM borate pH 10 
with constant stirring at 35 °C. Pre-folded BamA, BamAΔP1-4 and OmpA exhibited a folding 
efficiency of 79 ± 7 %, 43 ± 1 %, and 63 ± 2 %, which accounts for   ̴1.6 µM,  ̴0.9 µM and  ̴1.3 
µM folded, respectively. Samples were taken at depicted times (Fig 1) and quenched with 
SDS loading buffer. All samples were stored for no longer than 5 hours at room 
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temperature (RT) and subsequently separated on 10 or 12 % SDS-PAGE gels (Mini-
PROTEAN TGX, Bio-Rad) at a constant voltage of 150 mV for 55 minutes at RT. 
 
Fig S3. Longer time points for the transients of the slow kinetic data shown in Figure 1. 
Symbols are as described in the legend for Figure 1. 
 
Fig. S4. Amplitudes (A) and observed rate constants (B) of kinetic fits of OMP folding into 
LUVs shown in Figs 1 and 2. Data were fitted by using a single- or double-exponential 
equation or to an irreversible two-step folding mechanism (Table S1-4). Values and error 
bars represent the average and standard deviation of three independent experiments. Five-
point asterisk – kinetic traces could not be described by exponential equations. 
 
Fig S5. Longer time points for the transients of the slow kinetic data shown in Figure 2. 
Symbols are as described in the legend for Figure 2. 
 
Fig. S6. Kinetic traces of OmpX folding reactions into PC LUVs containing 20 % PE with 
or without pre-folded BamA. Unfolded BamA was folded into 20 % PE, 80 % PC LUVs to 
a final concentration of 4 µM OMP, 3.2 mM lipids, 1 M urea, 2 mM EDTA, 20 mM borate 
pH 10 while stirring at 35 °C by rapid dilution. BamA folding was carried out for 2 hours. 
Addition of unfolded OmpX to the folding solution containing pre-folded BamA was 
performed by rapid dilution of the pre-fold solution with denatured OmpX to a final 
concentration of 1-16.6 µM unfolded OMP, 2 µM total BamA (̴1.6 µM folded), 1.6 mM 
lipids, 1 M urea, 2 mM EDTA, 20 mM borate pH 10 with constant stirring at 35 °C. 
Folding of unfolded OmpX without pre-folded BamA was performed under the same 
conditions. Samples were taken at depicted times, quenched with SDS loading buffer and 
separated on 12 % SDS-PAGE gels (Mini-PROTEAN TGX, Bio-Rad) at a constant voltage 
of 150 mV for 55 minutes at room temperature. SDS-PAGE gels were analyzed by 
densitometry and fraction folded was plotted as the ratio of the folded band over the 
boiled band. Experiments were conducted in triplicate and one representative kinetic trace 
is displayed for each condition. 
 
Fig. S7. Amplitudes (A) and observed rate constants (B) of kinetic fits from folding 
experiments for OMPs lacking the C-terminal phenylalanine shown in Fig 4. Data were 
generated as described in Fig S3 and are listed in Tables S2 and S4. Values and error bars 
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represent the average and standard deviation of three independent experiments. 
Respective data sets from Fig S3 were re-plotted for comparison. 
 
Fig S8. Longer time points for the transients of the slow kinetic data shown in Figure 4. 
Symbols are as described in the legend for Figure 4. 
 
Fig. S9. BamA β-strand 16 is a mirror image of the E. coli OMP β-signal. The last 10 amino 
acid residues of the bacterial OMP C-terminus constitute a signature sequence termed 
OMP ‘β-signal’ (6, 7). We aligned the 9 most C-terminal amino acid residues of E. coli 
BamA in reversed order with the β-signal of PagP, OmpX, OmpA, OmpW, OmpT, FadL 
and OmpLA. These residues form the most C-terminal β-strand of its respective OMP 
(black box). We determined that β-strand 16 of BamA is a mirror image of the bacterial 
OMP β-signal. The nomenclature and consensus sequence were adapted from (8). β16 - β-
strand 16; φ - hydrophobic residue; π - polar residue; X - any amino acid; n - amino acid 
residues of OMP prior/post to the OMP β-signal. 
 
Table S1. Best fit parameters for OmpA folding into LUVs. 
 
Table S2. Best fit parameters for OmpLA and OmpLAΔPhe folding into LUVs. 
 
Table S3. Best fit parameters for OmpX folding into LUVs. 
 
Table S4. Best fit parameters for OmpA171 and OmpA171ΔPhe folding into LUVs. 
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Table	  S1	  
	  
OMP	   Lipid	  type	   Burst	  Phase	   y0	   Afast	   kfast	  (s-­‐1)	   Aslow	   kslow	  (s-­‐1)	  
OmpA	   diC10	  PC	  with	   	   	   	   	   	   	  
	  
	  
100%	  diC10:0	  PC	   0.12	  ±	  0.1	  
	  
0.87	  ±	  0.04	  
	  
0.45	  ±	  0.2	  
	  
0.11	  ±	  0.06	  
	  	  
0.31	  ±	  0.2	  
	  
0.0061	  ±	  0.004	  
	  
20%	  diC10:0	  PE	   NA2	   0.63	  ±	  0.03	  
	  
NA2	   0.00091	  ±	  0.0002	  
	  
NA2	   0.00088	  ±	  0.0002	  
	  
20%	  diC10:0	  PE	  +	  BamA	   NA	   0.76	  ±	  0.04	  
	  
0.78	  ±	  0.04	  
	  
0.0018	  ±	  0.0004	  
	  
NA1	   NA1	  
20%	  diC10:0	  PE	  +	  OmpX	   NA2	   0.48	  ±	  0.01	  
	  
NA2	   0.00081	  ±	  0.00009	  
	  
NA2	   0.00067	  ±	  0.00008	  
	  
20%	  diC10:0	  PG	   0.031	  ±	  0.02	   0.84	  ±	  0.05	   0.58	  ±	  0.1	   0.0095	  ±	  0.003	   0.23	  ±	  0.03	  	   0.0024	  ±	  0.0003	  
20%	  diC10:0	  PG	  +	  BamA	   0.0067	  ±	  0.005	   0.97	  ±	  0.01	   0.62	  ±	  0.02	   0.014	  ±	  0.001	  	   0.34	  ±	  0.03	   0.0022	  ±	  0.0003	  
20%	  diC10:0	  PG	  +	  
OmpX	  
0.0069	  ±	  0.008	   0.82	  ±	  0.05	   0.53	  ±	  0.1	   0.0074	  ±	  0.002	   0.29	  ±	  0.1	   0.0015	  ±	  0.0009	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  
NA2	   0.71	  ±	  0.04	   NA2	   0.014	  ±	  0.005	   NA2	   0.0015	  ±	  0.0002	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  +	  BamA	  
NA	   0.80	  ±	  0.01	  	   0.81	  ±	  0.02	   0.0015	  ±	  0.00002	   NA1	   NA1	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  +	  
OmpX	  
NA2	   0.75	  ±	  0.04	   NA2	   0.0026	  ±	  0.001	   NA2	   0.0015	  ±	  0.0004	  
NA1,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  a	  single	  exponential	  equation.	  
NA2,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  an	  irreversible	  two	  step	  folding	  mechanism.	  
Table	  S2	  
OMP	   Lipid	  type	   Burst	  Phase	   y0	   Afast	   kfast	  (s-­‐1)	   Aslow	   kslow	  (s-­‐1)	  
	  
OmpLA	   diC10	  PC	  with	   	   	   	   	   	   	  
	   100%	  diC10:0	  PC	   NA	   0.84	  ±	  0.03	   0.59	  ±	  0.1	   0.0094	  ±	  0.003	   0.28	  ±	  0.1	   0.0011	  ±	  0.0008	  
20%	  diC10:0	  PE	   NA2	   0.71	  ±	  0.03	   NA2	   0.0032	  ±	  0.0006	   NA2	   0.00024	  ±	  0.00002	  
20%	  diC10:0	  PE	  +	  
BamA	  
NA2	   0.85	  ±	  0.1	   NA2	   0.0068	  ±	  0.002	   NA2	   0.00052	  ±	  0.0001	  
20%	  diC10:0	  PE	  +	  
OmpX	  
NA2	   0.77	  ±	  0.07	   NA2	   0.0020	  ±	  0.0005	   NA2	   0.00024	  ±	  0.00003	  
20%	  diC10:0	  PG	   NA	   0.69	  ±	  0.03	   0.24	  ±	  0.05	   0.00027	  ±	  0.00001	   0.46	  ±	  0.05	   0.000063	  ±	  0.00002	  
20%	  diC10:0	  PG	  +	  
BamA	  
NA	   0.80	  ±	  0.02	   0.81	  ±	  0.02	   0.000049	  ±	  0.000002	   NA1	   NA1	  
20%	  diC10:0	  PG	  +	  
OmpX	  
NA	   0.44	  ±	  0.03	   0.44	  ±	  0.02	   0.000033	  ±	  0.000002	   NA1	   NA1	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  
NA2	   0.70	  ±	  0.02	   NA2	   0.000094	  ±	  0.00002	   NA2	   0.000074	  ±	  0.00001	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  +	  
BamA	  
NA2	   0.70	  ±	  0.02	   NA2	   0.00012	  ±	  0.00001	   NA2	   0.000093	  ±	  0.00002	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  +	  
OmpX	  
NA2	   0.69	  ±	  0.01	   NA2	   0.000096	  ±	  0.00002	   NA2	   0.000068	  ±	  0.00001	  
OmpLAΔPhe	   diC10	  PC	  with	   	   	   	   	   	   	  
	   100%	  diC10:0	  PC	   NA	   0.90	  ±	  0.06	   0.79	  ±	  0.03	   0.0060	  ±	  0.0003	   0.14	  ±	  0.05	   0.00070	  ±	  0.0005	  
20%	  diC10:0	  PE	   NA2	   0.72	  ±	  0.01	   NA2	   0.0022	  ±	  0.002	   NA2	   0.00029	  ±	  0.0001	  
20%	  diC10:0	  PE	  +	  
BamA	  
NA2	   0.63	  ±	  0.1	   NA2	   0.0029	  ±	  0.0007	   NA2	   0.00046	  ±	  0.0001	  
NA1,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  a	  single	  exponential	  equation.	  
NA2,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  an	  irreversible	  two	  step	  folding	  mechanism.	  
Table	  S3	  
	  
OMP	   Lipid	  type	   Burst	  Phase	   y0	   Afast	   kfast	  (s-­‐1)	   Aslow	   kslow	  (s-­‐1)	  
	  
OmpX	   diC10	  PC	  with	   	   	   	   	   	   	  
	   100%	  diC10:0	  PC	   NF	   NF	   NF	   NF	   NF	   NF	  
20%	  diC10:0	  PE	   NA	   0.62	  ±	  0.04	   0.63	  ±	  0.04	   0.0015	  ±	  0.0001	   NA1	   NA1	  
20%	  diC10:0	  PE	  +	  
BamA	  
NA	   0.77	  ±	  0.05	   0.81	  ±	  0.04	   0.016	  ±	  0.003	   NA1	   NA1	  
20%	  diC10:0	  PE	  +	  
BamAΔP1-­‐4	  
NA	   0.82	  ±	  0.01	   0.85	  ±	  0.01	   0.0026	  ±	  0.0001	   NA1	   NA1	  
20%	  diC10:0	  PE	  +	  
OmpA	  
NA	   0.62	  ±	  0.03	   0.63	  ±	  0.02	   0.0015	  ±	  0.0003	   NA1	   NA1	  
20%	  diC10:0	  PG	   0.078	  ±	  0.04	   0.65	  ±	  0.05	   0.58	  ±	  0.08	   0.046	  ±	  0.01	   NA1	   NA1	  
20%	  diC10:0	  PE	  
20%	  diC10:0	  PG	  
0.010	  ±	  0.005	   0.56	  ±	  0.03	   0.24	  ±	  0.05	   0.0090	  ±	  0.003	   0.32	  ±	  0.03	   0.00060	  ±	  0.0003	  
NA1,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  a	  single	  exponential	  equation.	  
NF,	  not	  fit	  to	  exponential	  equations	  due	  to	  fast	  folding	  kinetics	  
Table	  S4	  
	  
	  
	  
	  
	  
OMP	   Lipid	  type	   Burst	  Phase	   y0	   Afast	   kfast	  (s-­‐1)	   Aslow	   kslow	  (s-­‐1)	  
	  
OmpA171	   diC10	  PC	  with	   	   	   	   	   	   	  
	   100	  %	  diC10:0	  PC	   0.20	  	  ±	  0.02	   0.59	  	  ±	  0.01	   0.23	  	  ±	  0.03	   0.017	  	  ±	  0.006	   0.16	  	  ±	  0.01	   0.0011	  	  ±	  0.0005	  
20	  %	  diC10:0	  PE	   NA2	   0.51	  ±	  0.02	   NA2	   0.0096	  ±	  0.0061	   NA2	   0.00020	  ±	  0.00001	  
20	  %	  diC10:0	  PE	  +	  
BamA	  
NA	   0.63	  ±	  0.07	   0.49	  ±	  0.09	   0.0083	  ±	  0.0015	   0.17	  ±	  0.02	   0.0013	  ±	  0.0006	  
20	  %	  diC10:0	  PE	  +	  
BamAΔP1-­‐4	  
NA2	   0.83	  ±	  0.06	   NA2	   0.0038	  ±	  0.002	   NA2	   0.00055	  ±	  0.0002	  
20	  %	  diC10:0	  PE	  +	  
OmpA	  
NA2	   0.52	  ±	  0.01	   NA2	   0.0037	  ±	  0.0012	   NA2	   0.00014	  ±	  0.00001	  
OmpA171ΔPhe	   diC10	  PC	  with	   	   	   	   	   	   	  
	   100	  %	  diC10:0	  PC	   0.0	  ±	  0.01	   0.57	  ±	  0.03	   0.49	  ±	  0.04	   0.078	  ±	  0.005	   0.1	  ±	  0.01	   0.0017	  ±	  0.0002	  
20	  %	  diC10:0	  PE	   NA2	   0.58	  ±	  0.05	   NA2	   0.0025	  ±	  0.00001	   NA2	   0.0002	  ±	  0.00001	  
20	  %	  diC10:0	  PE	  +	  
BamA	  
NA	   0.70	  ±	  0.05	   0.71	  ±	  0.04	   0.0011	  ±	  0.0001	   NA1	   NA1	  
NA1,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  a	  single	  exponential	  equation.	  
NA2,	  not	  applicable	  because	  a	  good	  fit	  was	  obtained	  to	  an	  irreversible	  two	  step	  folding	  mechanism.	  
